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Component mode synthes is  was used t o  analyze th ree  
d i f f e r e n t  types o f  s t ruc tu res  w i t h  MSC NASTRAN. 
The theory and technique o f  us ing M u l t i p o i n t  Con- 
s t r a i n t  Equations (MPCs) t o  connect subst ructures 
t o  each other  o r  t o  a common foundat ion i s  pres- 
ented. Computation o f  t h e  dynamic response o f  t h e  
system from shock spectrum inputs  was automated 
us ing t h e  DMAP programming language o f  t he  MSC 
NASTRAN f i n i t e  element code. 

INTRODUCTION 

Computation t ime i n  dynamic analyses increases w i th  e i t h e r  the  square 
or cube o f  t h e  number o f  degrees-of-freedom. As a r e s u l t ,  t he re  can be substan- 
t i a l  savings i n  computer cos ts  by us ing dynamic subs t ruc t i ng  methods i n  large 
dynamic problems. I n  some cases, f i n i t e  element models become so large t h a t  
on ly  a few supercomputers can be t o  so lve  the  r e s u l t i n g  dynamics problem. 
I n  these cases, dynamic subs t ruc t ing  may be requi red.  

used 

Component mode synthes is  methods, l i k e  those introduced i n  1971 by 
MacNeal [l], are  o f t e n  used i n  dynamic subs t ruc tur ing .  These techniques have 
been app l ied  t o  superelement analyses i n  MSC NASTRAN. Most c lasses o f  problems 
can be solved w i t h  t h i s  procedure. However, response spectrum ana lys i s  problems 
us ing model synthes is  methods have no t  been prev ious ly  analyzed [2,3] w i t h  MSC 
NASTRAN. I n  t h i s  e f f o r t ,  both bas ic  response spectrum methods and U.S. Navy 
DDAM shock ana lys i s  methods t h a t  requ i re  an eva lua t ion  o f  modal masses i n  the  
s p e c i f i c a t i o n  o f  t h e  shock spectrum input  a re  analyzed. I n  t h i s  paper, the 
t h e o r e t i c a l  background f o r  t h e  a p p l i c a t i o n  o f  modal synthes is  t o  shock spectrum 
problems and a numerical eva lua t ion  o f  t he  methods a re  presented. 

THEORY 

Three cases a re  considered i n  t h e  t h e o r e t i c a l  development: 

Case I: Sing le  subst ructure at tached t o  a res idua l  s t ruc -  
t u r e  (foundation) . 

------------------ 
(1) 
(2) 
(3) 
(4) 

Engineer, NKF Engineering, I nc . ,  Reston, Va 
Consultant, NKF Engineering, I nc . ,  Reston, Va 
D i rec to r ,  S t r u c t u r a l  Dynamics D iv i s ion ,  NKF Engineering, I n c . ,  Reston, Va 
Consu I t a n t ,  NKF Eng i neer i ng, I n c  . , Reston, Va, and Professor , Department o f  

Mechanical Engineering, Un ive rs i t y  o f  Akron, Akron, OH 

63 
PRECEDWG PAGE BLANK NOT FILMED 



Case 11: A se r ies  o f  subst ructures attached t o  a res idua l  
s t r u c t u r e  (foundation) . 

Case 111: P a r a l l e l  subst ructures connected t o  each other  and 
t o  a common res idual  s t r u c t u r e  ( foundat ion).  

Using these th ree  cases, any l i nea r  s t r u c t u r e  can be d i v ided  i n t o  a 
number o f  substructures,  analyzed, and combined us ing m u l t i p o i n t  c o n s t r a i n t  
(MPC) equa t i ons . 

I n  a l l  cases t h e  eigenvalue ana lys is  o f  t he  subst ructures t o  f i n d  mode 
be determined assuming a f r e e - f r e e  sub- shapes (#i) and frequencies ( ~ i )  i s  

s t ruc tu re .  
t o  

The equat ion o f  motion o f  a l i n e a r  system can be w r i t t e n  as: 

[MI{h  + [KI{U3 

Expanding the  displacement i n  terms o f  t he  

= { f ( t ) 3  
f ree - f ree  mode shapes: 

j 

S u b s t i t u t i n g  i n t o  Equation (1): 

J 

Premu I ti p I y by {# i )T, 

J 

By v i r t u e  o f  t h e  o r thogona l i t y  proper ty  o f  v i b r a t i o n  modes, 

(5) 

and 

where : 

m i  i s  t h e  general ized mass o f  t h e  i th mode 

K ;  i s  t h e  general ized s t i f f n e s s  o f  t he  i t h  mode 
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f i i s  the  genera I i zed f o r c e  f o r  t he  i t h  mode 

and 

Using these d e f i n i t i o n s ,  t h e  equation of motion i n  genera l ized coordinates 
becomes : 

f o r  each mode, i .  

Case I: Single Substructure 

Assume t h a t  t h e  connection p o i n t s  shown i n  F igure  1 represent fou r  
degrees-of-freedom designated 997, 998, 999, and 1000. 

{ul :ooo 

CONNECTION 
POINTS 

IN I UT 

1 MPC CARDS . . . .  

I N  d UT 

Figure 1. Case I:  Substructure and Residual or Foundation 
Structure 

Furthermore, it i s  assumed t h a t  16 modes can be used t o  represent the  substruc- 
t u r e .  General ized s t i f f n e s s ,  K i ,  and general ized mass, m i ,  a re  connected t o  
each sca la r  mass p o i n t .  The displacement o f  t h e  sca la r  p o i n t  i s  the  modal d i s -  
placement, t i .  The MPC cards which r e l a t e  t h e  connection degrees-of-freedom 
(997-1000) t o  the  16 modal displacements, ti, can be w r i t t e n  as: 
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t1 + 4 9 7  t2 + . . . +- #:17 

t1 + 4 9 9  t2 + . . . + #:ig u999 999 
= 

I n  d e f i n i n g  the  c o n s t r a i n t  equations above, it was discovered t h a t  
fewer modes were requ i red  f o r  an accurate s o l u t i o n  i f  only  t r a n s l a t i o n a l  degrees 
are included i n  the  c o n s t r a i n t  equations a t  t he  connection p o i n t s .  A f t e r  a 
response spectrum ana lys is  has been run on the  reduced s t r u c t u r e  connected t o  
the  res idual  s t r u c t u r e  by m u l t i p o i n t  cons t ra in t ,  Equation (9), i t  i s  s imple t o  
recover the  i n te rna l  component subst ructures '  displacement. For subst ructure I 
shown schematical ly i n  F igure  1 w i t h  1000 displacement degrees-of-freedom, the  
i n te rna l  displacements f o r  t h e  j t h  mode o f  t he  reduced dynamic model a re  given 
i n  terms o f  t he  16 sca la r  p o i n t  (general ized) displacements. 

Once the  displacements a re  known, s t ress,  forces, e t c . ,  a re  e a s i l y  determined i n  
NASTRAN us ing t h e  element s t i f f n e s s e s  matr ices.  A l l  t h a t  remains i s  t o  sum t h e  
des i red q u a n t i t i e s  over t h e  modes w i t h  e i t h e r  the  NRL sum (Navy DDAM) o r  SRSS 
sum (Earthquake Spectrum Analys is) .  Thus, t h e  steps needed t o  use t h e  component 
mode synthes is  method are  as fo l l ows :  

Determine t h e  f r e e - f r e e  mode shapes, # i ,  genera l ized 
mass, m i ,  and general ized s t i f f n e s s ,  K i ,  f o r  t h e  sub- 
s t r u c t u r e .  

Choose a s u f f i c i e n t  number o f  modes o f  t he  subst ructure 
t o  cover t h e  frequency range o f  i n t e r e s t .  

Model t he  res idua l  s t r u c t u r e  (foundation) and sca la r  
p o i n t s  f o r  each mode using grounded general ized masses 
and s t i f f n e s s e s .  

Connect t he  component mode representat ion o f  t he  sub- 
s t r u c t u r e  t o  the  res idua l  s t r u c t u r e  w i t h  m u l t i p o i n t  
c o n s t r a i n t  equations (MPCs) as def ined i n  Equation (9). 

Determine t h e  modal mass o f  t h e  combined s t r u c t u r e  t o  
ensure t h a t  a s u f f i c i e n t  percentage o f  t he  t o t a l  mass i s  
included i n  the  model. I f  t h e  t o t a l  mass i s  less than 
required, t h e  number o f  modes i n  the  subst ructure must 
be increased. 

I f  t h e  modal mass requirement i s  s a t i s f i e d ,  determine 
the  dynamic stresses on the  res idua l  s t r u c t u r e  and 
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recover the  stresses i n  the  component subst ructures w i t h  
Equation (10) . 

Case 11: Series o f  Substructures 

For t h i s  case the  method i s  almost i d e n t i c a l  w i t h  Case I. The f ree-  
f r e e  modes of v i b r a t i o n  must be determined f o r  each subst ructure.  The res idual  
s t r u c t u r e  i s  then modeled; each subst ructure i s  modeled w i t h  sca lar  po ints ,  
general ized s t i f f n e s s e s ,  and general ized masses f o r  the  modes t o  be considered. 
MPC cards, as def ined prev ious ly  i n  Equation (9), r e l a t e  t h e  connection p o i n t s  
o f  the  res idual  s t r u c t u r e  t o  the  f i r s t  subst ructure.  Each subst ructure i s  r e l a -  
t ed  t o  t h e  next  subst ructure through a d i f f e r e n t  s e t  o f  MPC cards based on com- 
p a t i b i l i t y  o f  the  d e f l e c t i o n s  o f  the  physical  connection p o i n t s  between the  
substructures.  This  w i l l  be shown i n  d e t a i l  below. I n  d e f i n i n g  these new MPCs 
t h a t  connect substructures,  t h e  dependent degree o f  freedom r e l a t i n g  substruc- 
tu re ,  S i ,  t o  substructure,  S i + l ,  must be selected from S i + l  (see F igure 2). 
Otherwise, a mode i s  l o s t  i n  the  r e s u l t i n g  combined s t r u c t u r e .  

As an example o f  t h i s  method, assume t h a t  each substructure,  S i ,  i n  
F igure 2 can be represented by four  Mode shapes f o r  t h e  f i r s t  substruc- 
ture,  S i ,  a re  designated (#i} and f o r  the  second substructure,  S 2 ,  the  modes are  
des i gnated {Ti }, e tc  . 

modes. 

no1 -no3 <-- Connection Points,  n 
0 . 0  

0 

0 . 
0 . 0  

201-203 <-, Connection Points ,  2 

101 -103 <------- Connection Points,  1 

<- Residual S t r u c t u r e  (Foundation) a I n p u t  t 

F igure  2. Case 11: Series o f  Substructure Si t o  S, 
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Thus, t he  MPCs connecting S i  t o  R a re  s i m i l a r  t o  Equation (9): 

ulol = $1 101 e1 + 42 101 e2 + - * + #:O4C4 1 
1 

u103 103 103 = t1 + f12 t2 + . . .  + +io4t4 J 
The equations t h a t  r e l a t e  substructure,  S i ,  t o  subst ructure S2, a re  developed as 
fo l l ows  i n  the  absence o f  phys ica l  po in ts ,  U, i n  the  reduced dynamics model. 

Recovery o f  i n t e r n a l  displacements, U, i n  subst ructure S 1  i s  g iven by 
Equation ( 1 0 ) .  W r i t i n g  e x p l i c i t l y  f o r  t he  connection po in ts  201-203 on ly  f o r  
any mode: 

#:01 (4 
201 201 u. = $1 t1 + .... 

But, displacements f o r  201-204 can a l so  be re2overed from the  mode shapes and 
general ized displacements f o r  subst ructure S2, $i, and ti, respec t i ve l y .  Equa- 
t i o n s  s i m i l a r  t o  (12) can be w r i t t e n  f o r  U201 through U203 i n  terms o f  substruc- 
t u r e  S2, t h a t  i s  i n  terms o f  #i and t i . Compat ib i l i t y  o f  displacement gives us 
the  requi red MPC equat ion.  That i s :  

o r  i n  terms o f  t he  mode shapes 

203 - 0203 u -  

and general ized displacements: 

201 201 201 
$4 64 = $1 Tc1 + * - * + $4 34 

203 203 203 
74 $1 e1 + - . .  + #4 64 = a, t1 + - . *  + 4, 203 

Note again, i n  order t o  ob ta in  a l l  modes t h e  dependent MPC p o i n t  should be one 
o f  t he  eigenvector components o f  t he  second subst ructure 's  mode shapes, T .  

Case 111: Substructures Connected in Paral le l  and t o  Each Other 

Th is  case i s  i l l u s t r a t e d  i n  F igure  3.  Substructure S 1  could be connec- 
ted  t o  subst ructure S2 by a s h a f t  or  some type o f  sp r ing  element f o r  example. 
Assume that - the f r e e - f r e e  mode shapes o f  S i  broken a t  p o i n t  21 are  {$) and those 
o f  S2 a re  (#}. I f  an MPC card l i k e  t h a t  def ined i n  Equation (14) i s  w r i t t e n  t o  
t i e  the  two subst ructures together a t  p o i n t  21, one p o i n t  must be dependent. 
Using t h i s  procedure, a mode i s  l o s t  i n  the  eigenvalue ana lys is  o f  t he  combined 
s t ruc tu re .  I n  order t o  avoid t h i s  def ic iency,  an ex t ra  sca la r  p o i n t  can be used 
t h a t  has a displacement o f  0. P r a c t i c a l l y ,  t h e  p o i n t  must be he ld  t o  ground 
w i t h  a sp r ing  a t  l eas t  two orders o f  magnitude la rger  than other  po r t i ons  o f  t h e  
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structure (to ensure a '0' deflection value). 
respect to this extra point. 

MPC equations can be written with 
This scalar point is the dependent point. 

I 

s2 
21 

R 

- 

/ /  / / /  / 

1 INPUT 

Figure 3. Case 111: Substructures Connect to Each Other 
and to a Residual Structure, R 

Since the stiffness o f  the extra scalar point A is high, UA : 0, and 

Thus, this approach results in approximately the correct MPC relationship 
defined in Equation (14) and retains all modes designated i n  the substructure. 

DISCUSSION OF RESULTS 

In order to test the theory developed for Cases I, 11, and 111, a ser- 
In this section the models and results ies of test problems has been developed. 

are described. 

Case I: 

The basic theory was tested on the model described below and shown in 

Single Substructure Attached to a Foundation 

Figure 4. 
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Figure 4. Case I: 
Attached 

Basic Model o f  Single Substructure 
to a Foundation 

A beam s t i f f e n e d  f l a t  
w i t h  a concentrated mass a t  t h e  

p l a t e  and th ree  d i r e c t i o n a l  can t i l eve red  beam 
end were supported on th ree  d i r e c t i o n a l  t r a n s l a -  

t i o n a l  spr ings  supported a t  each of 10 The support l oca t i ons  a re  on 
t h e  g i r d e r s  which a re  f i x e d  a t  both ends. F i r s t ,  a response spectrum ana lys i s  
was run on t h e  complete problem an a r b i t r a r y  shock response spectrum pro- 
v i d i n g  a uni form base motion. Next, t h e  s t r u c t u r e  was d iv ided.  The s t i f f e n e d  
f l a t  p l a t e  and can t i l eve red  beam t h e  subs t ruc ture  wh i l e  t h e  spr ings and 
g i r d e r s  became t h e  res idua l  s t r u c t u r e .  An eigenvalue ana lys i s  was then per- 
formed on t h e  unsupported subst ructure.  Free-free modes, general ized masses, 
and s t i f f n e s s e s  were determined f o r  50 p l a t e  modes o u t  o f  a poss ib le  400 i n  one 
case and 25 p l a t e  modes o u t  o f  a poss ib le  400 i n  a second case. These, i n  turn,  
were used t o  represent t h e  component subst ructure.  The appropr ia te  scalar  
p o i n t s  (general ized coordinates),  general ized masses (concentrated mass cards), 
and general ized s t i f f n e s s e s  (spr ing cards) were b u i l t  i n t o  t h e  NASTRAN model o f  
t h e  res idua l  s t r u c t u r e .  The connection t o  t h e  res idual  s t r u c t u r e  which con- 
s i s t e d  o f  m u l t i p o i n t  c o n s t r a i n t  equations were incorporated i n t o  t h e  NASTRAN 
model v i a  MPC cards. Programs have been w r i t t e n  t o  automate t h e  i n c l u s i o n  o f  
t h e  component modes representat ion of t he  subst ructure i n t o  t h e  res idual  
s t r u c t u r e .  

locat ions.  

w i t h  

became 

Next, an eigenvalue ana lys i s  o f  t h e  reduced s t r u c t u r e  (see F igu re  5) 
was performed. 
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Figure 5 .  Case I: Reduced Dynamics Model o f  Single 
Substructure/Foundation 

The eigenvalue q u a n t i t i e s  f o r  t h e  complete model and t h e  reduced compo- 

The f i n a l  s tep  i s  t o  recover t h e  displacements, forces,  and s t resses 
i n t e r n a l  t o  t h e  subs t ruc ture .  Th is  c a l c u l a t i o n  has n o t  been poss ib le  t o  date i n  
MSC NASTRAN f o r  response spectrum and was accomplished by us ing  Equa- 
t i o n  10. I n  response spectrum analys is ,  inpu ts  a r e  s p e c i f i e d  on a mode-by-mode 
basis.  For U.S. Navy DDAM analys is ,  t h e  t o t a l  s t r e s s  i s  determined from t h e  NRL 
sum o f  t h e  modal s t resses.  NRL contour p l o t s  f o r  maximum p r i n c i p l e  s t ress  due 
t o  v e r t i c a l  uniform base acce le ra t i on  f o r  t h e  p l a t e  subs t ruc ture  f o r  both t h e  
complete model and CMS models a re  shown i n  F igure  6. 

nent mode representa t ions  a re  shown i n  Tables 1, 2, and 3, respec t i ve l y .  

ana lys i s  

- 
?.*#CflS 

Figure 6. Case I:  
Model, CMS Model (60 Modes) and CMS Model (25 Modes) 

NRL Contours o f  Maximum Pr incipal  Stress f o r  Complete 
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Table 1. Case I: Complete Model Eigenvalue Analysis Results 

MODAL EFFECTIVE MASS TABLE 

MODAL WEIGHT CUMiJL.AT I VE WE1 GHT 
MODE FREG i HZ ) POUNDS % POUNDS . % PART IC. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

0. 832 
1. 115 
1. 464 
2. 358 
3. 370 
5. 804 
6 .  955 
9.022 
9. 853 
13. 837 
14. 035 
17. 952 

50402. 78 
2629. 47 
31946. 30 
470. 23 
1038. 63 
106.24 
0. 14 
0. 36 

2681. 81 
0. 00 
0. 00 

18062. 16 

38. 79 50402. 78 
2. 02 53032. 25 

0. 36 85448. 78 
0. 80 86487. 41 
0. 08 86593. 6 5  

0. 00 86594. 14 
2. 06 89275. 95 
0. 00 89275. 95 
0. 00 89275. 95 
13. 90 107338. 12 

24. 59 8497e. 55 

0.00 86573. 7e 

38. 79 
40. 81 
65. 40 
65.  76 
66. 56 
66.  64 
66. 64 
66. 64 
68. 71 
68. 71 
68. 71 
82. 61 

1. 14E+01 
2. 61E+00 
-9. 09E+00 
-1. lOE+OO 
- 1. 64E+00 
5. 24E-01 

-1. 88E-02 
-3. O6E-02 
-2. 63E+00 
5.01E-13 
-3. 36E-04 

6 .  84E+00 

Table 2. Case I: CMS Model Eigenvalue Analysis Results (60 Modes) 
MODAL EFFECTIVE MASS TABLE 

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

MODAL WEIGHT CUMULATIVE WEIGHT 
F R E G I H Z )  POUNDS % POUNDS % 

0. 833 
1.  116 
1. 469 
2. 360 
3. 376 
5. 813 
6. 960 
9. 061 
9.922 
13. 859 
14. 051 
18. 035 

50179. 50 
2666. 01 
32074. 36 
484. 04 
1048. 68 
106. 81 
0. 13 
0. 35 

2731. 06 
0. 00 
0. 00 

18966. 68 

38. 62 
2. 05 
24. 68 
0. 37 
0. 81 
0. 08 
0. 00 
0. 00 
2. 10 
0. 00 
0. 00 
14. 60 

50179. 50 
52845. 51 
849 19. 88 
85403. 91 
86452. 59 
86559. 41 
86559. 53 
86559. 88 
8929 1.74 
8929 1 .  74 
89291. 74 
108258. 42 

38.62 
40. 67 
b5.35 
65.73 
66. 53 
66. 62 
-56. 62 
66. 62 
68. 72 
68. 72 
68. 72 
83. 32 

PARTIC. 

1. 14E+01 
2. 63E+00 
-9. llE+00 
-1. 12E+00 
1. 65E+00 
5. 26E-01 

- 1 .  82E-02 
-3. 01E-02 
-2. bbE+OO 
-9. O6E-09 
-1. 00E-05 
7.01€+00 

Table 3. Case I: CMS Model Eigenvalue Analysis Results (26 Modes) 

MOIiAL EFFECTIVE MASS T A B L E  

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

FREG (HZ 1 

0. 839 
1. 128 
1.478 
2. 365 
3.3Ei2 
5.  823 
7. 005 
9. 531 
10.352 
14. 269 
14. 3C6 
18. 481 

i l O D k L  WE I61 I 1 
POUNDS %, 

50573. 37 
2334. 33 
31Y13. 13 
486. 54 
1051. 63 
103. 41 
0. 06 
0. 25 

2831. 56 
0. 00 
0. 00 

24091. 79 

38. 92 
1. 80 

24. 56 
0. 37 
0. 81 
0. 08 
0. 00 
0. 00 
2. 18 
0. 00 
0. 00 
18. 54 

CUMULATIVE WE I G H l  
P uurws % 

50573. 37 
52907. 70 
84820. 83 
85307. 37 
86358. 99 
86462. 40 
E6462. 45 
86462. 70 
89294. 27. 
89294. 27 
89294. 27 
113386. 06 

38. 92 
40. 72 
6s. 2s 
65. 6 5  
66. 46 
66, 54 
66. 54 
66. 54 
68. 72 
68. 72 
68.  72 
87. 26 

PART IC. 

-1. 14E+01 
2. 46E+OO 
-9. 09E+00 
-1. 12E+00 
-1. 65E+OO 
-5 .  17E-01 
1. 19E-02 

-2. 54E-02 
-2. 71E+00 
-2. 83E-03 
-1. 91E-08 
-7. 90E+00 
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The st resses and stress d i s t r i b u t i o n  show excel I en t  agreement when 50 
p l a t e  modes (up t o  90 Hz) a re  used. Some accuracy i s  l o s t  when on ly  25 modes 
(up t o  30 Hz) are  chosen, bu t  t he  p a t t e r n  i s  s t i l l  s i m i l a r ,  and peaks a re  i n  the  
same loca t ions .  I t  i s ,  therefore,  necessary t o  choose enough modes t o  ensure 
inc lus ion  o f  t he  important ones. 

' 

Case 11: A Ser ies o f  Substructures Attached t o  a Residual S t ruc tu re  
(Foundat i on) 

Case I covered the  methodology involved i n  connecting a subst ructure 
(general ized coordinates) t o  the  res idua l  (physical  coord inates) .  Case I1 
demonstrates the  s i t u a t i o n  where two subst ructures are  connected d i r e c t l y  t o  
each o ther .  The technique, i n  t h e  absence o f  phys ica l  po in ts ,  i s  descr ibed i n  
the  sec t ion  on t h e o r e t i c a l  development. The t e s t  problem f o r  t h i s  case cons is ts  
o f  a s imple beam w i t h  one degree o f  freedom per g r i d  p o i n t  i n  the  l a t e r a l  

s2 

d i r e c t i o n  (see F igure  7) 

' R  

Figure  7. Case 

I P C  CARDS ** 

51 

I 

* See Equation (9)  
** See Equation (14) 

11: Basic Model o f  a Ser ies o f  Substructures 
Connected t o  Each Other and t o  a Residual S t ruc tu re  

I n  t h i s  case, a l l  30 modes were considered i n  the  complete model and 
a l l  11 modes i n  each subst ructure were re ta ined i n  t h e i r  component modes' repre- 
senta t ion .  A l l  output  resu l t s ,  both i n  the  eigenvalue ana lys is  and in te rna l  
displacements recovered i n  t h e  substructures,  agreed t o  n ine  s i g n i f i c a n t  f i g -  
ures.  

73 



Case 111: P a r a l l e l  Substructures Connected t o  Each Other and t o  a 
Common Residual S t ruc tu re  

The sample problem f o r  t h i s  case i s  s i m i l a r  t o  t h a t  considered i n  Case 
I except t h a t  two i d e n t i c a l  sp r ing  supported p l a t e  s t ruc tu res  a re  connected t o  
each other  w i t h  very s t i f f  spr ings and A 
p l o t  o f  t he  model i s  shown i n  F igure  8 .  

supported on extended common g i r d e r s .  

F igure  8. Case 11: Model o f  P a r a l l e l  Substructures Connected 
t o  Each Other and t o  a Comnon Foundation 

The shock response spectrum ana lys is  was again run f o r  t he  complete 
model and f r e e - f r e e  component modes were determined f o r  t he  two subst ructures.  
The CMS ana lys i s  i s  s i m i l a r  t o  t h a t  o f  Case I w i t h  the  ex t ra  c o n s t r a i n t  equat ion 
between subst ructures as i n  Case 11, w i t h  the  add i t i ona l  modeling technique 
descr ibed i n  t h e  t h e o r e t i c a l  development o f  Case 111. A new sca la r  p o i n t  was 
def ined and connected t o  a very s t i f f  sp r ing  and used as the  dependent degree o f  
freedom i n  t h e  c o n s t r a i n t  equations r e l a t i n g  the  two subst ructures.  Th is  
al lowed a l l  o ther  terms i n  t h e  c o n s t r a i n t  equat ion t o  be independent which, f o r  
unknown reasons, was requ i red  i n  MSC NASTRAN f o r  good agreement w i th  t h e  com- 
p l e t e  model (exact case). Eigenvalue r e s u l t s  f o r  both cases are  shown i n  Tables 
4 and 5. St ress contours a re  shown i n  F igure  9. F i f t y  modes were considered o f  
a poss ib le  400 i n  each p l a t e .  The agreement, again, i s  exce l l en t .  
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MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Table 4. Case 111: Complete Model Eigenvalue Analysis 
Resu I ts 

MODAL EFFECTIVE MASS TABLE 

FREG (Hi! 1 

0.842 
0. 902 
1. 275 
1. 409 
1.985 
1.985 
2. 603 
3. 176 
3. 566 
3.593 
5. 728 
5.815 
6. 221 
6. 223 
7. 075 

9. 271 
9. 391 
10. 232 
12. 625 
13. 756 
13. 856 
14. 176 
14.690 
14. 828 

7:683 

MOEAL WEIGHT 
POUNDS 

6528. 56 
0. 00 

44744.48 
0. 00 

50777.22 
0. 00 

42138.27 
0. 00 

2623.81 
0. 00 
0. 00 

4647.64 
478. 06 
0. 00 

2392. 79 
0. 00 
0. 00 

2050.21 
0. 00 
0. 30 
0. 00 
0. 00 
0. 00 

197. 13 
3. 84 

Y. 

2. 57 
0. 00 
17. 65 
0. 00 
20. 03 
0. 00 
16.62 
0. 00 
1. 03 
0. 00 
0. 00 
1.83 
0. 19 
0. 00 
0. 94 
0. 00 
0. 00 
0.81 
0. 00 
0. 00 
0. 00 
0. 00 
0. 00 
0. 08 
0. 00 

CUMULATIVE UEIGHT 
POUNDS 

6528. 56 
6528. 56 
91273. 04 
51273. 04 
102050. 27 
102050. 27 
144188. 53 
144188. 53 
146812. 34 
146812. 34 
146812. 34 
151459. 98 
151938. 05 
151938. 05 
154330. 84 
154330.84 
154330. 84 
156381. 05 
156381. 05 
156381. 36 
156381. 36 
156381. 36 
156381. 36 
156578. SO 
156582. 34 

Y. 

2. 57 
2. 57 
20.22 
20.22 
40. 25 
40. 25 
56. 86 
56. 86 
57. 90 
57. 90 
57. 90 
59. 73 
59. 92 
59. 92 
60.86 
60.86 
60. 86 
61.67 
61. 67 
61. 67 
61.67 
61. 67 
61. 67 
61. 75 
61. 75 

PAR TIC. 

-4. 11E+00 
3. 75E-08 
1. 08E+01 
2. 78E-08 
1. 15E+01 
4. 94E-06 
1. 04E+01 

-1. 74E-09 
2. 61E+00 

-1. llE-08 
2. 07E-09 
3. 47E+00 
1. llE+00 
5. 47E-09 
2. 49E+00 
2. 85E-10 
-5. 53E-10 
2. 30E+00 
2. 34E-12 
2. 81E-02 

-1. 02E-11 
1. 15E-03 
3. 48E-12 
-7. 14E-01 
9. 97E-02 

Table 6. Case 111: CMS Model Eigenvalue Analysis Results 
MODAL EFFECTIVE MASS TABLE 

FREG ( HZ 1 

0.844 
0. 909 
1. 279 
1. 424 
2. 030 
2. 161 
2. 650 
3.378 
3.611 
5. 234 
5.830 
5. 836 
6. 230 
6.242 
7.100 
8.974 
9. 465 
10.303 
13. 785 
13.849 
14. 355 
14. 533 
15. 096 
15. 148 
16. 808 

MODAL WEIGHT 
POUNDS 

6692. 56 
1. 06 

43332. 91 
0. 02 

44787. 91 
18. 66 

49267. 34 
24.65 

1694. 85 
3. 33 

3100. 32 
1483.05 
549. 92 
17. 05 

2620.00 
0. 98 

2012.26 
3. 59 
0.00 
0. 00 
0. 01 
0. 07 
15.09 
85.75 
41. 10 

Y. 

2. 64. 
0. 00 
17. 17 
0. 00 
17. 66 
0. 01 
19. 43 
0. 01 
0. 67 
0. 00 
1. 22 
0. 58 
0. 22 
0. 01 
1. 03 
0. 00 
0. 79 
0.00 
0. 00 
0. 00 
0. 00 
0. 00 
0. 01 
0. 03 
0. 02 
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CUMULATIVE WEIGHT 
POUFJDS 

6692. 56 
66'33. 62 
50226. 53 
50226. 55 
9501.4. 47 
95033. 13 
144300. 47 
144325. 13 
146019. 98 
146023. 31 
149123. 64 
150606. 69 
151156. 61 
151173. 66 
153793. 66 
153794. 64 
155806. 89 
155810. 48 
155810. 48 
155810. 48 
155810. 48 
155810. 56 
155825. 66 
155911. 41 
155952. 50 

x 
2. 64 
2. 64 
19. 8 1  
19. 81 
37.47 
37. 48 
56. 91 
56. 92 
57. 59 
57. 59 
58.81 
5V. 40 
59. 61 
59. 62 
60. 65 
60. 65 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 45 
61. 49 
61. 50 

PARTIC. 

4. l6E+00 
5. 25E-02 

-1. O6E+O1 
7. 576-03 
1. 08E+01 
2. 20E-01 
1. 13E+Ol 

-2. 53E-01 
2. 09E+00 
-9. 28E-02 
-2. 83E+00 
1. 96E+00 

-1. 19E+00 
-2. 10E-01 
-2. 6OE+OO 
-5. 03E-02 
-2. 28E+00 
-9. 63E-02 
2. 53E-03 
-5. 91E-04 
-3. 72E-03 
1.38E-02 

- 1. 98E-01 
4. 71E-01 
3. 26E-01 



- 
L E W L S  1 B DELrA:  1 . 1  

- 
3 . 7 1 E f U *  

Figure 9. Case 111: Contour of Maximum Pr incipal  Stress 
f o r  Complete and CMS Models 
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OTHER APPLICATIONS 

The sample problems discussed i n  t h e  previous sec t i on  a r e  very basic,  
bu t  i l l u s t r a t e  the  e f fec t i veness  and accuracy o f  Component Mode Synthesis.  I n  
add i t i on  t o  the  response spectrum analyses discussed, t h e  methodology was a l so  
app l ied  t o  t r a n s i e n t  ana lys is .  The theory i s  t he  same. Recovery o f  d isp lace-  
ments, forces,  and s t resses i n  the  component subst ructure i s  done per t imestep 
ra ther  than per mode. Implementation i n  MSC NASTRAN requ i red  a d i f f e r e n t  s e t  o f  
DMAP i n s t r u c t i o n s  cons is ten t  w i t h  the  t r a n s i e n t  r i g i d  formats.  Pre l im inary  
r e s u l t s  f o r  Case I were exce l len t ,  w i t h i n  2 percent o f  t he  complete case f o r  
component subs t ruc ture  p r i n c i p a l  s t resses f o r  a l l  t imesteps checked. Work i n  
t h i s  area i s  ongoing. 

Add i t i ona l l y ,  t he  technique i s  very usefu l  i n  problems where reana lys is  
o f  la rge  models would be p r o h i b i t i v e .  One example i s  a system i n  t h e  design 
phase where model changes are  being made w i t h  each new analys is ,  p a r t i c u l a r l y  i f  
one component o f  a system i s  changing f requent ly  and t h e  component mode repre- 
senta t ion  o f  t h e  other  components remains unchanged. Eigenvalue ana lys i s  need 
on ly  be performed f o r  t he  changing component and the  r e s u l t i n g  system dynamic 
model i s  very small  compared t o  a complete phys ica l  model o f  t h e  system. For 
large problems, CMS can help analysts  r e a l i z e  a s i g n i f i c a n t  savings i n  t ime and 
cos t .  

Another example where an even greater  economy can be r e a l i z e d  i s  t h a t  
o f  a large nonl inear  problem where on ly  a p o r t i o n  o f  t he  system i s  non l inear .  
Th is  would be t h e  case f o r  r e s i l i e n t l y  mounted shipboard propu ls ion  o r  generator 
equipment where the  mounts e x h i b i t  nonl inear c h a r a c t e r i s t i c s .  The res idua l  
s t r u c t u r e  would conta in  t h e  nonl inear  p a r t  o f  t h e  system. I n  t h e  t r a n s i e n t  
ana lys is  where f requent  s t i f f n e s s  ma t r i x  updates may be required, t he  ma t r i x  
s izes  a re  small  because o f  t he  Component Mode Synthesis.  Recovery o f  data f o r  
t he  component s t ruc tu res  i s  s t i l l  l i n e a r  and based on the  connection p o i n t  
displacement t ime h i s t o r i e s  from the  nonl inear  ana lys is .  

CONCLUSIONS 

Dynamic subs t ruc tur ing  by component mode synthes is  i s  an e f f e c t i v e  and 
accurate way t o  s imulate the  dynamic c h a r a c t e r i s t i c s  o f  large systems. I f  
enough modes a re  considered, t he re  i s  r e l a t i v e l y  l i t t l e  loss i n  accuracy, u n l i k e  
s imple dynamic reduc t ion  methods ( i . e . ,  s t a t i c  condensation, Guyan reduc t ion) .  
Work i s  ongoing t o  determine a concept (analogous t o  t h e  modal mass f o r  f i x e d  
base s t ruc tu res)  t o  evaluate r e l a t i v e  importance o f  modes f o r  f r e e / f r e e  s t ruc -  
t u res .  The reduc t ion  o f  model s i z e  a f fo rded by CMS makes poss ib le  on moderate 
s ized mainframes (such as a VAX 11/780) analyses t h a t  otherwise might  requ i re  a 
supercomputer. 

REFERENCES 

1. Richard H. MacNeal, "A Hybr id  Method of Component Mode Synthes is , "  Computers 
and Structures,  Vo l .  1, 1971, pp. 591-601. 

2. E. Dean Bel l i nge r ,  "Component Mode Synthes is  for E x t e r n a l  Superelements,"  
The MacNeal-Schwendler Corporation, 1986. 

3 .  "MSC/NASTRAN U s e r ' s  Manual, " The MacNea I -Schwend I e r  Corporation, 1985. 

77 


